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We report current injected stimulated emission in AlGaInP/Ga0.65In0.35P heterostructures grown on
commercially available GaAs0.6P0.4 substrates by gas source molecular-beam epitaxy. Room
temperature photoluminescence of bulk GaInP grown on these substrates exhibited a full-width
half-maximum of 36 meV, which is equal to the narrowest reported. At 77 K laser devices exhibited
yellow stimulated emission near 5735 Å with a current density of 900A/cm2. © 1995 American
Vacuum Society.I. INTRODUCTION
Semiconductor lasers operating in the visible region of the
spectrum have many potential applications. Some of these
applications include optical recording, printing, and display
systems as well as replace the widely used helium–neon gas
lasers. By shortening the lasing wavelength, these devices
can increase optical storage densities and move into the
higher sensitivity range for the human eye. The use of
GaxIn12xP has long been recognized as an alloy with a high
potential for optoelectronic devices because of its large direct
energy gap up to a composition of x50.74. Extensive work
has been done with the AlGaInP material system latticed
matched to GaAs substrates for laser operation in the 6300–
6800 Å wavelength range. Room temperature cw laser op-
eration in the wavelength range of 6300 Å has been achieved
with both AlGaInP quaternary active regions1 as well as
tensile-strained GaInP multiple-quantum well ~MQW! active
regions,2 both grown by metalorganic chemical vapor depo-
sition ~MOCVD!. Recently, lasers using GaInP/AlInP quasi-
quaternary active regions lasing at room temperature in the
6070–6400 Å wavelength range have been demonstrated by
gas-source molecular-beam epitaxy ~GSMBE!.3 Photo-
pumped AlGaInP quantum well heterostructures achieved
pulsed operation with wavelengths as short as 5430 Å at 77
K and 5930 Å at 300 K.4 The shortest wavelength attainable
in AlGaInP/GaInP lasers grown on GaAs substrates in inher-
ently limited by the band gap discontinuity along with the
critical thickness limitation. The short wavelength limit may
have already been reached for AlGaInP laser diode hetero-
structures which still retain sufficient optical and electrical
confinement in order to achieve lasing action. One method to
fabricate an efficient shorter wavelength laser is the growth
of higher band gap GaxIn12xP (x;0.7) on GaAsyP12y sub-
strates (x;0.6–0.7). Early work produced InGaAsP/
InGaAsP double heterojunction lasers which operated at 77
K with a wavelength of 5920 Å grown by liquid phase epi-
taxy ~LPE!.5 Recent work on GaAsP substrates has produced
light-emitting diodes with wavelengths of 5840 and 6150 Å
by LPE6 and MOCVD,7 respectively. In this paper, we report
current injection lasing action in an AlGaInP/GaInP graded-
index separate confinement heterostructure ~GRIN-SCH!
grown on a commercially available GaAs0.6P0.4 substrates by
GSMBE.762 J. Vac. Sci. Technol. B 13(2), Mar/Apr 1995 0734-211X/9II. EXPERIMENT
The GSMBE system used to grow the AlGaInP/GaInP
laser structures utilizes high purity Al, Ga, and In for the
group III fluxes and P2 thermally cracked from PH3 for the
group V flux. Si and Be were used as the n- and p-type
dopants, respectively. Growth calibrations were performed
using reflection high energy electron diffraction ~RHEED!
intensity oscillations. The GaAsP substrates consist of a Si or
Te doped n-type GaAs substrate upon which a Te doped
n-type GaAsP epitaxial layer is grown by vapor phase epi-
taxy. The GaAsP layer is graded from GaAs to GaAs12xPx
over at least 30 mm to a final composition range of x50.37–
20.41. The substrates displayed cross-hatched surfaces
found on typical GaAsP wafers as shown in Fig. 1~a!. Wafers
were first degreased using solvents, subsequently etched in
5 H2SO4:1 H2O2:1 H2O solution, and finally rinsed in deion-
ized water. Cleaned substrates were mounted on 3 in. Si
substrates using In solder which were in turn inserted into
nonindium bonded molybdenum substrate holders. The sub-
strate growth temperatures were between 520 and 530 °C
with a PH3 flow rate of 4.0 sccm. The GaAsP substrates were
desorbed under a PH3 overpressure to a temperature of
625 °C where a ~234! RHEED pattern was observed. The
Ga0.7In0.3P layers exhibit a ~231! RHEED reconstruction
pattern.
A schematic diagram of the GRIN-SCH laser diode is
shown in Fig. 2. The heterostructure consists of a 3 mm thick
Si-doped Ga0.7In0.3P buffer layer ~231018 cm23!, a 1.5 mm
thick Si-doped Al0.35Ga0.35In0.30P cladding layer ~531017
cm23!, a 1000 Å graded region, a strained GaInP quantum
well active region, followed by a 1000 Å graded region, a 1
mm thick Be-doped Al0.35Ga0.35In0.3P cladding layer ~131018
cm 23!, and finally a 2000 Å Be-doped Ga0.7In0.3P cap layer
~531018 cm23!. The undoped graded regions vary in compo-
sition from Al0.35Ga0.35In0.30P to Al0.15Ga0.55In0.30P. The ac-
tive region consists of three pairs of 80 Å Ga0.65In0.35P
strained quantum wells separated by 150 Å
Al0.15Ga0.55In0.30P barriers.
Samples were characterized photoluminescence spectros-
copy ~PL! and double crystal x-ray diffraction ~DCXD!. PL
measurements were made using a cold finger type of cryostat
with a 4880 Å line from an Ar ion laser as the excitation7625/13(2)/762/3/$6.00 ©1995 American Vacuum Society
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grating spectrometer and detected with a thermoelectrically
cooled GaAs photocathode photomultiplier tube using the
photon counting technique. DCXD data were obtained from
a x-ray diffractometer with a GaAs beam-conditioning crys-
tal. The rocking curves were recorded from the ~400! Bragg
reflection with a Cu Ka radiation source. Standard oxide-
isolated, stripe-geometry laser diodes were fabricated with
60 mm wide contact stripes. Au/Ge and Au/Ti metallization
was used for ohmic contacts to n- and p-type materials, re-
spectively.
III. RESULTS AND DISCUSSION
The cross-hatched pattern seen on the GaAsP substrate is
inherited from the misfit dislocations introduced during the
graded layer growth from the GaAs substrate to the epitaxial
GaAsP substrate. The dimensions of the segmented morphol-
ogy are 1000 Å high with an average periodicity of 80 mm as
measured using an alpha-step profiler. The surface morphol-
ogy of the as-grown sample exhibits a similar but milder
cross-hatched pattern as can be seen in Fig. 1~b!. The height
of the cross-hatched pattern is reduced to 400 Å while the
periodicity is increased to 400 mm. The 77 K and room tem-
perature PL spectra for bulk Ga0.68In0.32P are shown in Fig. 3.
The room temperature peak is seen at 5785 Å ~2.143 eV!
FIG. 1. Surface morphology of ~a! cleaned GaAsP substrate prior to growth
and ~b! as-grown AlGaInP/GaInP heterostructure laser diode.
FIG. 2. Schematic diagram of the AlGaInP/Ga0.65In0.35P multiple quantum
well graded index separate confinement heterostructure laser diode.JVST B - Microelectronics and Nanometer Structureswith a full-width half-maximum ~FWHM! of 36 meV. This
narrow FWHM is equal to the highest quality Ga0.68In0.32P
reported, grown by either MOCVD or LPE.8 The 77 K PL
peak is seen at 5576 Å and has a FWHM of 20 meV. These
PL peaks correspond to a gallium composition range near
0.68.9 The composition of the GaAs12xPx substrates varies
in GaP content from x50.37–0.41 between individual wa-
fers as well as across a 3 in. wafer. X-ray rocking curves
from the substrate showed a low-intensity, broad ~140 arc s!
peak. Due to the large FWHM of the substrate peak, the peak
of an epitaxial layer is unresolvable from that of the sub-
strate, hence only an upper bound of the lattice mismatch can
be determined. Because of this, before each growth only PL
measurements were being used for calibration of the sub-
strate lattice constant. DCXD along with PL data confirm the
accurate lattice matching of the epitaxial layers with a lattice
mismatch of no more than 0.1%.
Laser diode current–voltage characteristics show a
turn-on voltage of 2.1 V and a reverse bias breakdown of 25
V. The laser operation of these devices were tested at 77 K
under pulsed conditions with a pulse width of 1 ms and a
repetition rate of 1 kHz. Typical threshold current densities
~J th! for 500 mm long cavity lasers of 900 A/cm2 were ob-
served. Figure 4 shows the typical light output versus injec-
tion current characteristics. The lasing spectrum of a 500 mm
cavity laser operated at 320 mA is shown in the inset of Fig.
4. The longitudinal modes are clearly present around the
wavelength 5735 Å. The measured mode spacing of 1.1 Å is
consistent with that expected. To date the shortest wave-
length reported by current injection is 5760 Å at 109 K using
30 Å GaInP multiple quantum well active regions grown on
GaAs substrates.10 They report a temperature coefficient of
1.5 Å/deg, which corresponds to a room temperature wave-
length of 6046 Å. In our case, a temperature coefficient of
less than 1 Å/deg was obtained by comparing 77 K stimu-
lated emission with 300 K electroluminescence. This indi-
cates a potential room temperature lasing operation shorter
than 5900 Å.
IV. SUMMARY
In conclusion we have demonstrated the feasibility to fab-
ricate short wavelength ~5735 Å! semiconductor laser diodes
FIG. 3. Room temperature and 77 K photoluminescence spectra for an un-
doped Ga0.68In0.32P epitaxial layer and n-type GaAsP substrate. Excitation
source was the 4880 Å line from an Ar-ion laser.
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ity bulk Ga0.68In0.32P grown on these substrates by GSMBE
is comparable to that grown by either MOCVD or LPE. We
have fabricated laser diodes using a Ga0.65In0.35P active re-
gion to move below the 6000 Å range of operation. 77 K
pulsed laser operation was achieved with a J th of 900 A/cm2.
FIG. 4. The 77 K pulsed light-output vs injected current characteristics for a
standard oxide-defined, stripe-geometry laser ~60 mm3500 mm!. Diodes
displayed a threshold current density of 900 A/cm2. Inset shows the stimu-
lated emission spectrum with an average longitudinal mode spacing of
1.1 Å.J. Vac. Sci. Technol. B, Vol. 13, No. 2, Mar/Apr 1995This method opens the door as a new method to achieve
short wavelength ~,6000 Å! visible semiconductor lasers.
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